A first step in urinary tract infection (UTI) pathogenesis in the otherwise healthy host is the movement of uropathogenic Escherichia coli from the intestinal tract to the urinary tract. We conducted a genomic subtraction to isolate genetic regions associated with this movement. A representative UTI isolate present in the rectum, vagina, and bladder of a woman with UTI was chosen as the tester; the driver was a phylogenetically distant rectal isolate (based on pulsed-field gel electrophoresis analysis) with a profile of uropathogenic virulence genes similar to that of the tester. Tester-specific regions identified by the subtraction were screened, using DNA dot blot hybridization, against a collection of 88 uropathogens isolated from the rectum, urine, and/or vagina of women with UTIs and 54 E. coli isolates from the same women that were found only in the rectum. Twelve genetic regions occurred more often in multisite isolates than in rectal site-only isolates. Eleven of these 12 genetic regions are homologous to regions in the sequenced uropathogenic E. coli CFT073 strain.
A first step in urinary tract infection (UTI) pathogenesis in the otherwise healthy host is the movement of uropathogenic Escherichia coli from the intestinal tract to the urinary tract. We conducted a genomic subtraction to isolate genetic regions associated with this movement. A representative UTI isolate present in the rectum, vagina, and bladder of a woman with UTI was chosen as the tester; the driver was a phylogenetically distant rectal isolate (based on pulsed-field gel electrophoresis analysis) with a profile of uropathogenic virulence genes similar to that of the tester. Tester-specific regions identified by the subtraction were screened, using DNA dot blot hybridization, against a collection of 88 uropathogens isolated from the rectum, urine, and/or vagina of women with UTIs and 54 E. coli isolates from the same women that were found only in the rectum. Twelve genetic regions occurred more often in multisite isolates than in rectal site-only isolates. Eleven of these 12 genetic regions are homologous to regions in the sequenced uropathogenic E. coli CFT073 strain.
Urinary tract infection (UTI) is one of the most commonly acquired bacterial infections in ambulatory and hospitalized populations; 11% of all women 18 years and older in the United States have a UTI each year (9) . Most UTIs among otherwise healthy women are caused by Escherichia coli. Certain O:K:H serotypes and virulence factors occur more frequently in urinary than in fecal isolates, suggesting that uropathogenic E. coli (UPEC) is different from normal bowel inhabitants (17) .
One critical aspect leading to UTI is the ability of UPEC strains to move from the intestinal tract and establish themselves in the urinary tract. In some cases this movement may be facilitated by UPEC strains establishing themselves first in the vagina (36, 37) . Although some of this movement may be mechanical, the ability to establish colonization in the vagina and bladder must reflect bacterial characteristics. However, little is known about what genes or factors present in UPEC isolates help them move from the intestinal tract to the vagina and bladder and establish themselves extraintestinally.
Genomic subtraction makes it possible to identify genomic differences among strains. Genomic subtraction has been successfully employed to identify novel virulence-associated genes in UPEC strains (16, 22) . We used a molecular epidemiologic strategy for bacterial gene discovery that selects bacterial isolates for genomic subtraction based on epidemiologic information and bacterial characteristics and screens epidemiologically defined bacterial collections with the resultant gene fragments to determine their potential significance and possible function (35, 44) .
Here we report on the use of genomic subtraction followed by epidemiologic screening to identify 12 new genetic regions potentially involved in the spread of E. coli from the intestinal tract into the vagina and bladder.
the lowest number of known virulence genes, positive only for fim, kpsMT, and ompT, it had the greatest potential for identifying new virulence genes. In contrast, 27 isolates from 24 women with UTIs and one woman without a UTI had unique PFGE patterns and virulence signatures that were found only once. A dendrogram analysis of the 43 PFGE patterns seen from the five largest virulence signature groups plus the 27 patterns from the unique rectal E. coli isolate is shown in Fig. 1 . A representative shared isolate with a group 2 virulence signature, T280 F2, was chosen as the tester for genomic subtraction. For the subtraction driver, we selected isolate T306F66, a member of the group of unique rectal isolates with the closest match to the virulence signature of the tester (fim, pff, aero, ompT), which was phylogenetically distant based on the PFGE analysis (Fig. 1) .
FIG. 1. Dendrogram of 43
E. coli isolates from the five most common virulence signatures plus 27 E. coli isolates found as unique virulence signatures. The filled circles show the positions of subtraction tester isolate T280F2, and the filled squares show the positions of subtraction driver isolate T306F66. The choice of the strains shown in this dendrogram is detailed in Materials and Methods. VOL. 44, 2006 E. COLI GENES AND VAGINAL AND BLADDER COLONIZATIONFor epidemiologic screening, we chose 88 isolates from 85 women with UTIs (including the above-mentioned two separately shared isolates from one woman) and two without UTIs that were shared at all three sites based on PFGE patterns and 54 isolates from the original total transmission study set which were found as unique isolates by PFGE or virulence signature in the rectal flora of a woman who had at least one other isolate with a different PFGE or virulence signature pattern that was shared in at least two of the three sites.
Differential cloning by subtraction PCR. We used a commercial kit (Clontech PCR-Select bacterial genome subtraction kit; Palo Alto, CA.) to identify gene fragments specific to the tester strain through differential cloning. The genomic DNA of the driver (T306F66) was subtracted from that of the tester (T280F2) following the manufacturer's protocols to obtain tester-specific DNA. Briefly, genomic DNA was isolated from tester and driver strains, purified using phenolchloroform extraction, and digested with RsaI. Following purification of the digested DNA, the tester DNA was ligated with the adapter provided with the kit. The tester-specific DNA (sPCR) fragments were cloned into a pCR4-TOPO plasmid vector using the TOPO TA cloning kit (Invitrogen) and transformed into TOP10. The transformants were tested for inserts by a nested PCR using nested primers supplied with the genomic subtraction kit. For three of the clones, the resulting PCR products contained additional vector sequences, and for these clones an alternative approach to obtain regions lacking vector sequence was used. This involved a two-step process: first, amplification with M13 and T7 primers (35 cycles of 94°C for 30 s, 55°C for 30 s, and 72°C for 2 min) followed by a nested PCR with primers provided with the subtraction kit (25 cycles of 94°C for 30 s, 68°C for 30 s, and 72°C for 2 min).
The sPCR products were spotted on nylon membranes and probed with fluorescence-labeled tester genomic DNA and driver genomic DNA using a commercially available kit (ECF random prime labeling and detection kit; Amersham). sPCR fragments that bound to both tester and driver DNA were removed from further analysis. Duplicate sPCR fragments were detected by cross-hybridization among all the tester-specific sPCR fragments, and only one of each was chosen for further analysis.
Data analysis. Differences in proportions of genes among collections were tested using the 2 test. Prevalence ratios were calculated as the ratio between the proportion with the gene in the collection of interest and the proportion with the gene in the unique strains isolated from the rectal flora (reference group). The magnitude of the associations of the combination sJX genetic regions (sjx) with previously known UTI virulence genes was estimated using the odds ratio and 95% confidence intervals, and the significance was determined using the 2 test. All statistical analyses were performed using SAS (v9.1). P Ͻ 0.05 was considered to be statistically significant.
Nucleotide sequence accession numbers. The GenBank accession numbers for the sPCR fragments are as follows: sJX208, DU098706; sJX113, DU098707; sJX128, DU098708; sJX129, DU098709; sJX13, DU098710; sJX150, DU098711; sJX198, DU098712; sJX204, DU098713; sJX206, DU098714; sJX210, DU098715; sJX76, DU098716; sJX77, DU098717; sJX80, DU098718; sJX83, DU098719.
RESULTS
All isolates were previously screened for the presence/absence of type1 pili (fim); P pili (pff); aerobactin (aer); group II capsule (kpsMT); cytotoxic necrotizing factor 1 (cnf1); the Dr family of adhesins (drb); hemolysin (hly); outer membrane protease T (ompT); three classes of P pili, papG J96 (class I), papG AD (class II), and prsG J96 (class III); and S-fimbrial adhesin (sfa). After classifying isolates by virulence factors and genetic similarity, we selected a representative isolate from isolates found in the urine, vaginal cavity, and rectal flora of women that was positive only for fim, kpsMT, and ompT as the tester (T280F2), reasoning that it had the greatest potential for identifying new virulence genes (see Materials and Methods for details). As a subtraction driver isolate, we selected an isolate representative of isolates found only in the rectal flora (T306F66).
From the genomic subtraction of urine isolate T280F2 (tester) against the rectal isolate T306F66 (driver), we identified 185 sPCR fragments (Fig. 2) . When separated by agarose gel electrophoresis, 60 of the sPCR products had multiple bands and were not considered further in the analysis. The remaining 125 sPCR fragments were each hybridized to labeled genomic DNA from the tester and driver strains to determine which were found in strain T280F2 but not in T306F66 (see Materials and Methods). Ninety-seven fragments were tester specific, and the genetic sequence was determined. As 97 was too large a number to reasonably screen, we selected one sPCR fragment representing each gene or operon, removing six sPCR fragments. We further reduced the number for screening by avoiding (i) genes that seemed to have housekeeping functions, (ii) genes present in the E. coli K-12 genome, (iii) already well characterized virulence genes, (iv) genes already found by one of our earlier subtractions that were already being analyzed (i.e., evgS), and (v) sPCR171, which had homology to a restriction-modification system. Finally, we preferentially chose sPCR fragments that were at least 350 bp, as larger probes work better technically in our dot blot hybridization system, although a few smaller sPCR fragments were tested. This left a total of 50 sPCR fragments. We used the 50 sPCR fragments to screen, using DNA dot blot hybridization, a collection of 88 uropathogens isolated from the rectum, urine, and vagina of women with UTIs and 54 E. coli isolates from the same women that were found only in the rectum. When isolates from multiple sites in a single woman were considered identical based on PFGE, only one of these isolates per woman was selected for screening. Figure 3A and B show a representative pair of dot blots for one of these probes. Figure 3C graphically represents the hybridization patterns for the duplicate blots. We used Southern blot analysis (Fig. 3D ) to determine the appropriate cut point for classifying strains as containing or not containing sequences homologous to the sPCR probe. Similar analyses of all 50 sPCR probes identified FIG. 2. Flow diagram showing how 185 sPCR fragments were analyzed to result in the discovery of 14 being significantly more common in E. coli isolates obtained from multiple sites than in those E. coli isolates uniquely found in the rectum. The asterisk shows that 88 E. coli isolates were present in all three sites (urine, vagina, and rectum), and there were 54 rectum-only isolates from women who also had a different E. coli isolate present in more than one site.
14 sPCR fragments present significantly more often in isolates colonizing multiple sites than in rectum-only isolates ( Table 1) .
Thirteen of the 14 sPCR fragments present more often among isolates colonizing multiple sites were homologous to genetic regions in E. coli strain CFT073. Figure 4 shows their genomic locations in E. coli strain CFT073 and their positions relative to some previously identified uropathogenic virulence genes. While two of the sPCR fragments are near each other (the boundaries of sJX208 and sJX77 are only 870 bp apart), and two others, sJX113 and sJX76, are 5 kb apart but part of the same auf gene cluster, the nearest remaining combinations are at least 22 kb apart. None of the sPCR fragments were closer than 36 kb from known virulence genes (the distance between sJX198 and the fim gene cluster), and none were present within any of the three well-documented CFT073 pathogenicity islands, PAI II, between danQ and yafV (25) ; the pap-hly island at pheV (41) ; and the pap island at pheU (41) .
Relatively little is known about most of the genetic regions in CFT073, and Table 1 lists the sizes of each sPCR fragment, the CFT073 genes which they overlap, and the putative potential functions of those genes. sJX150 was the only sPCR fragment that was significantly more prevalent in the multiple-site collection than in the rectum-only collection that did not have a homologous sequence within CFT073, and it is part of an open reading frame with no known homologies to existing characterized proteins.
Many additional complete or partial E. coli genomic sequences are now available. We looked for sequence matches to the 14 sPCR fragments listed in Table 1 among the following genomic sequences: three UTI strains, CFT073 (41), F11 (GenBank accession no. NZ_AAJU00000000), and UTI89 (8); one K1 neonatal meningitis strain, R282 (39); three enteropathogenic E. coli strains, B171 (GenBank accession no. NZ_AAJX 00000000), E110019 (GenBank accession no. NZ_AAJW00000000), and E22 (GenBank accession no. NZ_AAJV00000000); one enteroaggregative E. coli strain, 101-1 (GenBank accession no. NZ_AAMK00000000); two enterohemorrhagic E. coli strains, O157:H7 (O157Sakai) (14) and EDL933 (27) ; one enteroin- 
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E. COLI GENES AND VAGINAL AND BLADDER COLONIZATIONvasive E. coli strain, 53638 (GenBank accession no. NZ_AAKB 00000000); two enterotoxigenic E. coli strains, B7A (GenBank accession no. NZ_AAJT00000000) and E24377A (GenBank accession no. NZ_AAJZ00000000); one human-colonizing strain, HS (GenBank accession no. NZ_AAJY00000000); and two laboratory strains, MG1655 (3) and W3110 (1, 15, 43) . Table 2 shows what matches were found. Many of the sJX genetic regions are highly prevalent, and their co-occurrence in a given E. coli isolate is also high (Table 3) . If we look at those E. coli isolates that hybridized to all of the indicated eight sJX sPCRs (sJX77, sJX80, sJX83, sJX128, sJX129, sJX150, sJX204, and sJX208, combination labeled sjx), they were 3.3 times more likely to be present in E. coli strains isolated from multiple sites within a woman than in E. coli strains present only in the rectal flora of those same women. In each case where there was a significant co-occurrence between sjx and a previously known virulence gene, the odds ratio was substantially higher among multisite isolates than among rectum-only ones.
DISCUSSION
The successful movement of a particular E. coli bacterium from the intestinal tract to the vagina and/or bladder is likely the result of a complex combination of host behaviors, host susceptibility, and special attributes of the particular E. coli bacterium. Our goal was to identify E. coli genes that enable extraintestinal colonization. Using as our starting point a collection obtained in a study of sharing of E. coli isolates among heterosexual sex partners (10), we attempted to control for host behaviors and host susceptibility by limiting the comparison of our isolates found in multiple sites (rectum, vagina, and bladder) within women to a set of E. coli rectum-only isolates that were present in those same women. Thus, we a priori controlled for unknown host behaviors and host susceptibilities that enable E. coli to colonize multiple sites.
Of the 14 resulting sPCR fragments found statistically significantly more often in E. coli isolates present in multiple sites than in those limited to the rectum, 13 had strong DNA homologies to sequences present in the genome of the completely sequenced pyelonephritis strain CFT073 (41) (Fig. 4) . These 13 sPCR fragments appear to represent 11 different genetic regions, as sJX208 and sJX77 are located very close together and represent CFT073 genes C0021, C0022, and C0023, while sJX113 and sJX76 are found at different ends of the auf adhesin gene cluster (6) .
These 12 new genetic regions (11 in CFT073 and 1 not in CFT073) are an interesting mixture of genes that seem to fit well into categories of known UTI virulence genes and those that are either less expected or of completely unknown function (Table 1) . Adhesins make up a substantial portion of the demonstrated UPEC virulence functions, including type 1 pili (13), P fimbriae (19, 42) , Dr family adhesins (24, 45) , and S fimbriae (33) . In addition to the auf gene cluster represented by sJX113 and sJX76, sJX80 contains portions of the yadL and yadM genes, which have been described as probable fimbrial genes (27) . Another functional group well represented in known UPEC virulence factors is those involved in iron uptake, including the siderophore aerobactin (20, 38) , synthesized by a set of iuc genes and transported by proteins encoded by iut genes; a siderophore receptor, IroN E. coli (2, 18, 20, 29) , and three additional genes with homology to iron uptake systems have been reported by Rasko et al. (28) to be present (73) 12 (22) 3.3 Ͻ0.001
a Each multisite E. coli isolate was isolated from the rectal cavity, urine, and vaginal cavity of a woman, and the isolates were found to be identical using pulsed-field gel electrophoresis. One isolate of each PFGE pattern from each woman was included in this analysis. The 54 rectum-only E. coli isolates were isolated from the same women as were the multisite isolates but were found only in rectal samples. The subtraction probes were sJX from tester urinary isolate T280F2.
b All sJX sequences are found in E. coli CFT073, except sJX150. c PR, prevalence ratio of probe positives in multisite isolates to those in rectum-only isolates. d sjx is the most common sPCR fragment in all 14 candidate sPCR signatures; it includes sJX77, sJX80, sJX83, sJX128, sJX129, sJX150, sJX204, and sJX208.
more often in E. coli cystitis or pyelonephritis isolates than in fecal ones, and Parham et al. (25) have shown that these fbp genes are more common in prostatitis isolates than in cystitis or pyelonephritis isolates. Our study found two iron uptake genes that occurred more often in E. coli isolates present in multiple sites within a woman than in rectum-only isolates: sJX83, which is part of the C3775 gene encoding an outer membrane receptor involved in iron uptake (27) , and sJX128, which contains part of the sitD gene, which encodes the iron transport protein SitD (41) . Some of the probes associated with colonization in multiple sites within a woman overlap genes with homologies to genes with known functions but which have not been previously associated with UPEC virulence and whose possible roles in multisite colonization are unclear. These include sJX206, which overlaps with C4894 (tsx) and C4895, where the Tsx protein is a minor component of the E. coli outer membrane that is essential for the uptake of deoxynucleosides and nucleosides at submicromolar substrate concentrations (23) , and C4895, another gene involved in nucleoside metabolism. Tsx also serves as a receptor for colicins (5) and bacteriophage (30) . sJX204 covers a portion of the C5080 (yddR) gene, which has homology to Yersinia genes involved in nickel transport into bacteria. Interestingly, in pathogenic Yersinia species these uptake genes are adjacent to the urease gene cluster, and mutants defective in nickel uptake cannot make functional urease (31) . sJX198 overlaps C5433, which has homology to C 4 -dicarboxylate transport substrate binding genes, and C5434 encodes a hypothetical protein with no known homologies.
Eight of the 14 fragments occurred together in 73% of all isolates colonizing multiple sites but in only 22% of the rectum-only isolates. As the genes are spread throughout the CFT073 genome, this suggests that this combination of genes may be functionally linked. Further, the combination was strongly associated with several known UTI virulence factors, including cnf1, prsG J96 , hly, iroN, kpsMT, and sfa, especially among the collection of isolates from multiple sites, suggesting FIG. 4 . Locations of 13 sJX subtraction sPCR fragments on the E. coli CFT073 map. Solid black boxes represent sPCR fragments present significantly more often in E. coli isolates found in the vagina, urine, and the rectum than in isolates found only in the rectum. Open triangles represent known virulence factors in CFT073. sJX208  99  99  90  90  0  0  0  sJX77  99  99  99  99  0  0  0  sJX80  97  99  99  99  0  0  0  sJX128  98  98  98  98  0  0  0  sJX129  98  98  98  98  0  0  0  sJX83  99  99  99  99  0  98  98  sJX113  97  96  98  98  0  0  0  sJX76  100  100 100  100  0  0  0  sJX13  100  0 100  99  0  0  0  sJX206  99  99  99  99  0  0  0  sJX204  99  99  99  99  0  0  0  sJX210  100  100 100  100  0  0  0  sJX198  99  99  99  99  0  0  0  sJX150  0  0  0  0  100  0  0 a Additional E. coli genomes 101-1, 53638, B7A, E110019, E22, E24377A, HS, MG1655 (K-12), and W3110 did not match any of the sPCR fragments. sJX fragments were identified from a genomic subtraction of urine isolate T280F2 (tester) against rectal isolate T306F66 (driver) (see text).
VOL. 44, 2006 E. COLI GENES AND VAGINAL AND BLADDER COLONIZATIONthat extraintestinal movement is part of UPEC's armamentarium. Since this is the first report of an association of these regions with UTI strains specifically, there is always a possibility that one or more of them occurred by chance alone in our analysis. However, the observation that most of these were uniquely present in the sequenced UTI and meningitis E. coli genomes compared to the other types of E. coli isolates that have been sequenced (Table 2 ) increases our confidence that these associations are real. It seems highly likely that our genomic subtraction has not found all of the genetic regions of interest in CFT073 or the other sequenced E. coli isolates that cause UTIs, as only 2 of the 12 new genetic regions were sampled twice in our sPCR set. The next useful approach will be to systematically do an "in silico" subtraction, where we determine all genes present in the majority of the UTI (and meningitis) strain genomes but absent in the majority of the commensal, laboratory, or diarrheal E. coli genomes. These genes can then be screened against large collections of UTI versus non-UTI isolates to determine those potentially important in uropathogenesis.
A limitation of the approach described here is that it does not find the more subtle differences between strains that will also be important in differentiating UPEC isolates from normal rectal E. coli isolates. Well-studied examples of these kinds of differences include phase variation of P pili (4) and type 1 fimbriae (13) and allelic sequence variations shown to be important in tissue specificity for P pili (42) and FimH (34) .
The discovery of these 12 new genetic regions of E. coli that are more often found in E. coli isolates present in multiple sites within a woman than in rectum-only isolates is clearly just the first step in determining what roles the genes that they represent may play in UPEC virulence. Additional association studies to look at their distributions in different UTI collections are needed. Ultimately, functional studies and animal virulence model studies may help further define the roles played by these genes. 
